When nuclear fuel in the core of a massive star with a zero-age main-sequence mass M ZAMS 8M is exhausted, the central part of the iron or magnesium core collapses and forms a neutron star or a black hole [1] . At the same time, the material above the collapsing core is rapidly ejected, leading to a stripped-envelope supernova (SESN) explosion if the outer hydrogen envelope of the star was removed before its explosion [2] . It is not clear which process is dominant, and whether different mechanisms are at work for different classes of SESNe; type IIb, Ib, and Ic SNe in order of increasing degree of envelope stripping [9] . In this work, a new analysis of late-time nebular spectra of SESNe is presented, which is more sensitive to differences in the core structure [10] than early-phase spectral analysis [11][12] . The results show that the progenitors of SNe IIb and Ib are indistinguishable except for the residual amount of hydrogen envelope while the progenitors of SNe Ic are not only deficient in hydrogen and helium, but are also distinctly more massive than SNe IIb and Ib. These findings strongly suggest that more than one mechanism is responsible for the removal of the outer hydrogen envelope and the deeper helium layer, with the former most likely due to binary interaction, and the latter involving a mass-dependent process such as strong stellar winds or episodic pre-explosion mass ejection.
When nuclear fuel in the core of a massive star with a zero-age main-sequence mass M ZAMS 8M is exhausted, the central part of the iron or magnesium core collapses and forms a neutron star or a black hole [1] . At the same time, the material above the collapsing core is rapidly ejected, leading to a stripped-envelope supernova (SESN) explosion if the outer hydrogen envelope of the star was removed before its explosion [2] [3] . The envelope is presumably stripped either via strong stellar winds [1] [4] [5] or due to mass transfer to a companion star in a close binary orbit [6] [7] [8] . It is not clear which process is dominant, and whether different mechanisms are at work for different classes of SESNe; type IIb, Ib, and Ic SNe in order of increasing degree of envelope stripping [9] . In this work, a new analysis of late-time nebular spectra of SESNe is presented, which is more sensitive to differences in the core structure [10] than early-phase spectral analysis [11] [12] . The results show that the progenitors of SNe IIb and Ib are indistinguishable except for the residual amount of hydrogen envelope while the progenitors of SNe Ic are not only deficient in hydrogen and helium, but are also distinctly more massive than SNe IIb and Ib. These findings strongly suggest that more than one mechanism is responsible for the removal of the outer hydrogen envelope and the deeper helium layer, with the former most likely due to binary interaction, and the latter involving a mass-dependent process such as strong stellar winds or episodic pre-explosion mass ejection.
The final evolution of massive stars leading to an SN explosion, and especially the mass loss mechanism, is an important open problem in modern astrophysics. Without mass-loss, a massive star would form an onion-like layered structure, with a hydrogen envelope, helium layer, and oxygen core from the surface to the inner part [1] . A massive star explodes as an SN IIb or SN Ib depending on whether its hydrogen envelope is partially or totally removed before its explosion. Further stripping of nearly the entire He layer would result in an SN Ic. SNe IIb can be further divided into extended and compact classes (SNe eIIb and SNe cIIb), where the latter class has a lower amount of residual hydrogen, forming a bridge between SNe IIb and Ib [7] [13] [14] . A special class of SNe Ic (SNe Ic-BL) show broad absorption lines in early spectra, indicating fast expansion velocities and large kinetic energy, and are sometimes accompanied by a gamma-ray burst [15] [16] .
Observations of SESNe pose an apparent conundrum: based on analysis of SN emission during the brightest, opaque phase, it has been argued that SNe IIb/Ib/Ic have similar ejecta mass, pointing to similar progenitors for all SESN classes [11] [17] [18] . On the other hand, the environment in which SNe explode, and in particular the preference of SNe Ic for the most actively star-forming regions (and thus likely more massive progenitors) [19] [20] argues otherwise. The analysis of earlyphase SN emission is complicated by uncertainties such as opacity and line forming process [21] , and the relation between the ejecta mass and M ZAMS is not trivial, as it depends on envelope stripping. Additional progress can be made by identifying a set of observables that can directly trace M ZAMS and the the degree of envelope stripping independently.
In this work, late-time nebular spectra of SESNe IIb/Ib/Ic are collected and analyzed, forming a sample of 12 SNe IIb, 12 SNe Ib, and 22 SNe Ic (see Tables 1 to 4 in Methods). These spectra were obtained around 200 days after maximum light, when SESN have already entered the nebular phase [10] . Although there is some small scatter in the spectral phase, it is show in Methods that it will not affect the main conclusion in this work. Figure 1 , but has not been tested observationally for a sample of SESNe. Figure 2 shows how the [OI]/[Ca II] ratio depends on the early phase SN observables, used to characterize their ejecta properties. The horizontal axis traces the ejecta mass via a measure of the diffusion time scale (see Methods for details), and is expected to grow for a more massive star that possesses a larger core. A relatively weak but clear correlation is discerned, which is statistically valid (Spearman coefficient < 2×10
once a prominent single outlier is omitted. See figure caption). While this investigation is limited by the relatively narrow SESN ejecta mass range, it supports the idea that the [O I]/[Ca II] ratio can be used as a measure of M ZAMS . It is naturally expected that a significant scatter given that the relation between core mass and ejecta mass is complicated by the existence or absence of the outer envelope, and uncertainties in the conversion of the diffusion time scale to ejecta mass [21] . This further motivates the use of nebular spectra as a more direct diagnostic than early-phase data.
A second prominent difference in the average SN subtype spectra is the structure around ∼ 6600Å, to the red of the [O I] doublet. An emission feature can be discerned for both SNe Ib and SNe IIb, but it is absent for SNe Ic/Ic-BL. This line has been argued to be dominated by [N II] for SNe Ib and cIIb theoretically [26] and observationally [27] . This identification is further supported by the similar line flux between SNe Ib and SN cIIb, while SNe eIIb, which likely contain additional hydrogen Hα contribution, show stronger excess and drive the total IIb spectrum up when included. This additional hydrogen contribution is most likely related to the more massive H envelope retained in SNe eIIb, but the contribution is minor by day 200 [27] . Since [N II] is mostly emitted from the outermost region (He-N layer) of the helium envelope [26] , this line can be employed as a sensitive tracer of the CNO-cycle processed region and provides a measure of the helium layer stripping, as it can be strong only if the helium layer is almost entirely intact, and should disappear when even a small amount of the helium layer is stripped. Figure 3 Given that a large fraction of the helium layer must be stripped away for SNe Ic in order to avoid He line detection in early spectra, and yet there is no distinguishable [N II]/[OI] ratio between SNe cIIb and Ib, He layer stripping apparently does not form a continuous sequence with hydrogen stripping, suggesting there is an intrinsic difference in the stripping mechanism for the hydrogen envelope and the helium layer.
The model-independent finding in this work can be further strengthened by comparing the observed distribution in Figure 3 The findings seem to solve the tension regarding SESN progenitors between analysis of earlyphase SN emission and SN environmental studies. The results in this work clearly show that the progenitors of SNe Ic are indeed more massive than SNe IIb/Ib, as suggested by environmental studies. Apparently, previous early-phase ejecta-mass studies were not sensitive enough to these initial mass differences, and indeed, there is a recent indirect indication from new early-phase SN emission analysis that SN Ic progenitors may be more massive than those of SNe Ib [12] . The following picture now emerges for the formation of SESN progenitors. The hydrogen envelope of an evolved massive star in a binary is stripped by a mass-insensitive process, i.e., binary mass transfer, producing the Ib and IIb populations that have similar initial mass distributions and no difference in the amount of He layer stripping, as traced by the [N II]/[O I] ratio. However, binary interaction is not efficient enough to further strip the He layer. A less massive star, whose He layer is therefore intact, explodes as an SN Ib or IIb, depending on how much hydrogen is retained. The He layers of more massive SESN progenitors are further stripped by a mass-dependent process, leading to an SN Ic/Ic-BL explosion (that show a statistically significant mass difference with respect to SNe IIb/Ib). This process could be stellar wind stripping [13] , or eruptive mass loss toward the end of the life of a massive star, if that occurs selectively for the more massive stars [29] [30] . This hybrid picture does not require a large difference in M ZAMS between SNe IIb/Ib and Ic as required for the completely single stellar evolution without binary interaction. Indeed, by comparing the results in this work with model predictions, the characteristic dividing line is likely M ZAMS ∼ 17M . Interestingly, this is the mass range above which SNe II progenitors are not found [28] , and the finding in this work may also potentially solve this problem; the mass-dependent mass-loss mechanism may become efficient (only) for the most massive stars, thus effectively reducing the number of H-rich SN II progenitors for this mass range. Further investigation of the mass-dependent process of He layer stripping is now warranted, starting with the outcome of binary interaction models for H-rich envelope stripping which takes place when the progenitor has completed ∼ 90% of its life. For stars with M ZAMS ∼ 15 − 20M , the remaining life time before the SN explosion is ∼ 0.5 − 1 million years. Such investigations will fill in the gap between the observed diverse population of massive SN progenitors and theoretical understanding, leading toward a complete understanding of the final stages of massive star evolution. * https://star.pst.qub.ac.uk/webdav/public/ajerkstrand/Models/Jerkstrand+2015a/ One object is removed and the Spearman p value of the residual sample is calculated, and this procedure is repeated until the p value falls below a certain value (2 × 10 −4 ). It is found that SN Ic-BL 2006aj can be regarded as an outlier, and the correlation is significantly strengthened once this is omitted. 
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A Sample selection
To construct the supernova sample in this work, SESNe (SN IIb/Ib/Ic/Ic-BL) whose nebular spectra (from 150 days ∼ 300 days after light curve peak) that are available in the literature are included. A large fraction of the data have been collected at Weizmann Interactive Supernova data REPository (WISeREP) †, [31] and The Open Supernova Catalog ‡, [32] . The discovery date is restricted to be later than 1990. The sample of this work includes nebular spectra of 46 strippedenvelope supernovae (SESNe), with 12 SNe Ib, 12 SNe IIb, 14 SNe Ic and 8 broad line SNe Ic (SNe Ic-BL). The spectra and their sources are listed in Tables 1 to 4 . The classifications and the phases of the objects are also listed in the same tables. Spectra of some objects in the sample of this work are illustrated in Figure C.1. 
B Data processing

B.1 Early light curves
The explosion parameters are calculated from V −band light curves, which are derived from different sources (see Table 5 ). The ejecta mass can be estimated from the combination of light curve width and photospheric velocity, using a frequently-adopted scaling relation [17] [33] [34] :
where w lc , M ejecta and E K are the width of a light curve, ejecta mass and kinetic energy (
ph ) respectively. In this work, the width of light curve is estimated from a low-degree polynomial fit to the photometric data around the peak, and is characterized by w lc ∝ ∆m −1
15
, where ∆m 15 is the change of V −band magnitude in 15 days since the peak. Photospheric velocities of SNe in this work are taken from the literatures. If the photospheric velocity of an SN is not available from the literature, the average value of each subtype is employed (SN IIb: 8300 ± 750; SN Ib: 9900 ± 1400; SN Ic: 10400 ± 1200; SN Ic-BL: 19100 ± 5000; units: km s −1 ) [17] . By taking all these factors together, the ejecta mass can be estimated as:
Error in the ejecta mass estimation consists of two parts: error of the light curve width and error of the photospheric velocity. The first part is estimated by shifting peak date within the uncertainty (a typical value is 1 day). The difference is employed as the 1σ error of the light curve width. The error of the photospheric velocity is taken from the literature. For objects whose photospheric velocity is not available, the error is estimated to be the velocity dispersion within the subtype to which the object belongs. The estimated widths (characterized by ∆m 15 ) and the sources of the light curves are listed in Table 5 . The photospheric velocities and references are also listed in the same Table.
B.2 Nebular spectra
A nebular spectrum is smoothed, de-reddened and corrected for redshift (of the host galaxy taken from HyperLeda §, [35] ) before the line decomposition [27] . The extinction values E(B − V ) are derived from the literature (see references in Tables 1 to 4 ), most of which are estimated from their color evolution. For objects whose multi-band light curves are not available, the extinction is calculated from the equivalent width (EW ) of Na I D near the light curve peak [36] . For objects for which neither of a light curve nor an early phase spectrum are available (or if the noise of an early phase spectrum is too large for EW of Na I D to be calculated), its E(B − V ) is set to be 0.36 mag, which is the average value of SN Ib/Ic [37] . The estimation of E(B − V ) is quite uncertain, and not always associated with well-determined uncertainties. Although the scatter in the extinction value will affect the absolute scale of the light curves or individual line luminosities, the quantities † https://wiserep.weizmann.ac.il/ ‡ https://sne.space/ § http://leda.univ-lyon1.fr/ of interest in this work (∆m 15 and the line ratios) are not sensitive to E(B − V ), therefore it is indeed negligible. The background emission is estimated to be the line connecting the two minima at both wings of the emission complex. After the background is subtracted, the emission complex is decomposed. Examples of the line decomposition of different SN subtypes are illustrated in Figure C .2.
• However, this does not necessarily mean that the He-N layer is still present for these objects. Other factors may contribute, including contamination from the correlated star-forming region or continuum scattering from electrons and dust [38] , and therefore the flux may well be leveled off when the [N II]/[O I] ratio is practically zero.
• 
B.3 Error estimation of the line ratios
Line ratio errors consist of several parts:
• P oisson noise: The noise level in a nebular spectrum will affect the flux measurement in several ways, including background determination, line fitting, etc. To estimate the error related to the Poisson noise, the degree of smooth is increased (overly smoothed) or decreased, and the deviation of line ratio estimated in this way is associated to the error contributed by the Poisson noise.
• The uncertainty from the background determination is estimated by shifting the minima, which determine the edges of the complex, within 50 ∼ 100 Å, then re-measuring the line ratios. The difference between the original line ratio and that measured in this way is estimated to be the uncertainty contributed by background determination.
• The quadratic sum of these errors is estimated to be the total error of the line ratio.
C Possible time dependence
Spectra of different SNe were obtained at different phases, therefore it is important to investigate whether time evolutions of the line ratios could affect the conclusion in this work. The mean phase of the spectra used in this work is ∼ 220 days after the light curve peak, with the standard deviation ∼ 40 days. The mean phase and the standard deviation of the spectra used for different SNe subtypes are as follows: 207 ± 38 days (SN Ib), 230 ± 37 days (SN IIb), 215 ± 38 days (SN Ic) and 217 ± 29 days (SN Ic-BL). No statistical difference between spectral phases among different SNe subtypes can be discerned from a KS test. Since the span in the spectral phase is small, the possible effect of spectral evolution should not be significant, which will be tested in this section.
A direct way to investigate the effect of time evolution is to measure line ratios at different phases for a single object The above discussion suggests that the evolution of the line ratio may require further consideration. However, except for the intensively-studied SNe IIb and some SN Ic-BL (for example, SNe 1998bw and 2002ap), spectra covering a wide phase range are not available for most objects in this work. The slope calculated from only two points can also be very uncertain. To test how the evolution of the line ratio could affect the conclusion in the main text, 10
4 Monte-Carlo simulations are carried out. In each simulation, a randomly-generated slope (which is assumed to be normally distributed, with the mean value and standard deviation identical to the observationally derived values as shown in the right panels of Figure C. 3) is attached to each object and the line ratio is corrected to t = 220 days by r(220) = r(t) × e α(220−t) where t is spectral phase in the unit of days. The distribution of the line ratios is then obtained for each Monte-Carlo simulation, and the KS test is performed for each simulated distribution.
The results of the simulations are show in Figure C Table 6 . The effect of spectral evolution is therefore proven to be insignificant, which is expected since: (1) Tables 2 to 4 , the spectra labeled by bold face is used for analyses in the main text. b. Phase relative to the light curve maximum in most cases. However, the light curves are not available for all objects. The phase of an object, whose light curve is not available, relies on the literatures or IAUC reports by comparing thrie early spectra with those of reference SNe. This will introduce uncertainty in the phase determination. However, this will not have significant effect on the main conclusion of this work given the small uncertainty in the spectral phase determination as compared to the phase of the spectra used in this study. c.
From Tables 2 to 4 , objects labeled by (+) indicate the case where its extinction can not be calculated from light curve or Na I D absorption. The average E(B − V ) of SN Ib/c (0.36 mag) is adopted [37] for this case. d. Calculated from Na I D absorption of spectra taken on 2013/04/01 (t = +15 days) [31] . [46] . Calculated from Na I D absorption of spectra taken on 1991/04/07 (t = +0 days) [57] .
b. Calculated from Na I D absorption of spectra taken on 1997/11/08 (t = +3 days) [57] .
c. Calculated from Na I D absorption of spectra taken on 2005/11/25 (t = -4 days) [46] . [17], [53] a. See Tables 2 to 4 for references. b. Object with marker (*) means that its photometric velocity is taken as the average value of SN subtype reported in Lyman et al. 2016 [17] . c. PTF12os does not have a reported V −band light curve. The absolute flux scales of early phase spectra are anchored by r−band photometric data [53] and V −band light curve is calculated from the calibrated early phase spectra. 
